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ABSTRACT
Red clump (RC) stars are widely used as an excellent standard candle. To make them
even better, it is important to know the dependence of their absolute magnitudes on
age and metallicity. We observed star clusters in the Large Magellanic Cloud to fill age
and metallicity parameter space, which previous work has not observationally studied.
We obtained the empirical relations of the age and metallicity dependence of absolute
magnitudes MJ , MH , and MKS , and colours J − H, J − KS , and H − KS of RC stars,
although the coefficients have large errors. Mean near-infrared magnitudes of the RC
stars in the clusters show relatively strong dependence on age for young RC stars.
The J − KS and H − KS colours show the nearly constant values of 0.528 ± 0.015 and
0.047± 0.011, respectively, at least within the ages of 1.1–3.2 Gyr and [Fe/H] of −0.90
to −0.40 dex. We also confirmed that the population effects of observational data are
in good agreement with the model prediction.
Key words: stars: distances – (stars:) Hertzsprung-Russell and colour-magnitude –
(galaxies:) Magellanic Clouds – globular clusters: general
1 INTRODUCTION
Red clump (RC) stars are low mass stars in the stage of
the core helium-burning phase. They are easily recognised
in the Heltzsprung-Russell diagram, because they have sim-
ilar luminosity and effective temperature, and they are nu-
merous. They were first recognised in the colour-magnitude
diagrams of intermediate-age clusters (Cannon 1970). Af-
ter the work by Paczyn´ski & Stanek (1998) using Hipparcos
parallaxes to determine the absolute magnitudes of RC stars,
they gained much attention and have been widely used as an
ideal standard candle to investigate Galactic structure (e.g.,
McWilliam & Zoccali 2010; Nataf et al. 2010) and interstel-
lar extinction (e.g., Nishiyama et al. 2006, 2009; Nataf et al.
2013).
To make them an even better standard candle, it is im-
portant to understand the dependence of their absolute mag-
nitudes on age and metallicity (population effects). From
the theoretical side, Girardi & Salaris (2001) investigated
the population effects on the V- and I-band absolute mag-
nitudes, and Salaris & Girardi (2002) studied the effects in
⋆ E-mail: onozato@nhao.jp
the K-band. They suggested that the longer the wavelength
becomes, the smaller absolute magnitude depends on metal-
licity, and it does not depend much on metallicity in near-
infrared (NIR) wavelengths. Meanwhile, they predict that
age dependence of the absolute magnitude is not simple
such that there is only weak age dependence for RC stars
older than 2 Gyr, but there is strong age dependence for RC
stars younger than 2 Gyr. Many observational studies have
confirmed small metallicity dependence of NIR magnitudes
among RC stars in the solar neighbourhood (Alves 2000;
Groenewegen 2008; Laney et al. 2012) and Milky Way star
clusters (Grocholski & Sarajedini 2002; Percival & Salaris
2003; van Helshoecht & Groenewegen 2007). On the other
hand, age dependence has not been investigated extensively
because it is difficult to know the ages of RC stars. So far, the
studies are limited to the work using Milky Way star clus-
ters (Grocholski & Sarajedini 2002; Percival & Salaris 2003;
van Helshoecht & Groenewegen 2007) or age that derived
from asteroseismology (Chen et al. 2017), and no clear age
dependence has been observed for younger RC stars. This is
mainly due to the small number of samples for the former
case, and the relatively large uncertainties in age for the lat-
ter case. Therefore, the number of samples with both age
© 2018 The Authors
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and metallicity information is quite limited, and the param-
eter space is not covered enough up until now.
Hence, we use star clusters in the Large Magellanic
Cloud (LMC) to fill the parameter space, which previous re-
search has not observationally studied. Star clusters in the
LMC have different age and metallicity from Milky Way star
clusters. Star clusters in the LMC are more metal-poor than
that in the Milky Way. Therefore, we can expand the pa-
rameter space to the more metal-poor and younger range.
Moreover, the LMC is distant enough to be considered as
the stars in the galaxy are at the same distance, so the un-
certainty of the distance does not much affect the determi-
nation of absolute magnitudes of RC stars. In addition to
these advantages, there are many young star clusters in the
LMC, so we can investigate the age dependence of young RC
stars where large age dependence is predicted from theoreti-
cal models. RC stars in the LMC star clusters have not been
studied because they are too faint to determine their mean
magnitude reliably in past NIR surveys such as two micron
all sky survey (2MASS). Hence, we conducted NIR observa-
tions of the clusters using Infrared Survey Facility (IRSF).
Long exposure time of our observations makes it possible to
determine the mean RC magnitude in the LMC clusters.
It is important to know population effects on RC lumi-
nosity in terms of stellar evolution as well as a standard can-
dle. The difference of age dependence between young and old
RC stars comes from whether they experience helium flash
or not. Because the age of an RC star corresponds to their
mass, investigation of age dependence leads to better under-
standing of the maximum mass of stars that will experience
helium flash (Girardi 2016).
In section 2, we show the data and methods to deter-
mine NIR magnitudes of RC stars. Results and comparison
with previous work are presented in section 3. Section 4 is
our conclusions.
2 THE DATA
2.1 Sample selection
When we investigate the metallicity and age dependence of
absolute magnitudes of RC stars in clusters, it is important
that metallicities and ages of the clusters have been deter-
mined using the same techniques. We can avoid systematic
errors by using uniform samples. As a catalogue that satis-
fies this condition, we used the LMC star cluster catalogue
compiled by Palma et al. (2016). Palma’s catalogue lists 277
LMC star clusters.
From the catalogue, we first selected clusters that had
both age and metallicity information. Then, we chose clus-
ters whose radii are larger than 0.′65 (9.5 pc at 50 kpc)
as our target clusters because we cannot detect the ex-
cess of RC stars for small clusters. We excluded clusters
that are in the bar region from the target since these clus-
ters are heavily contaminated by field stars. The number
of clusters at each selection process is shown in Table 1.
Finally, 15 clusters were selected to be observed by our-
selves. In the 15 clusters, we have detected a clear RC
peak in its luminosity function for 10 clusters (see below for
more detail). Figure 1 shows age and metallicity distribu-
tion of our target clusters, compared to clusters observed by
van Helshoecht & Groenewegen (2007). Most of our target
clusters in the LMC ranges from 1 to 3 Gyr in age and from -
1.0 to -0.4 in [Fe/H], where van Helshoecht & Groenewegen
(2007) have few samples. In this age range, a strong age
dependence of the RC absolute magnitudes is predicted.
Our target clusters have lower metallicity than the clusters
used in van Helshoecht & Groenewegen (2007). In the very
low metallicity region, theoretical models predict relatively
strong metallicity dependence of absolute magnitudes. Our
sample clusters allow us to investigate the dependence of
the RC magnitudes at lower metallicity range than in our
Galaxy.
2.2 Observation
Observations were performed using the SIRIUS camera
equipped on the IRSF 1.4-m telescope (Nagashima et al.
1999; Nagayama et al. 2003) in the South African Astro-
nomical Observatory in 2017 November and December. SIR-
IUS can collect JHKS-band images simultaneously with a
7.′7× 7.′7 field of view with a pixel scale of 0.′′45 pixel−1. The
seeing size was typically 1.5 arcsec and sometimes reached
to 0.9 arcsec. The exposure time of each image was 20 s and
25 images were taken in each dithering set. The number of
observation sets were from 35 to 41. Observed clusters and
their observational information are listed in Table 2.
2.3 Data reduction
We reduced the obtained images by standard data re-
duction process, which consisted of dark subtraction, flat-
fielding, sky subtraction, and dithered-image-combining.
We used pyIRSF pipeline software1 for this reduction.
Point spread function fitting photometry is performed with
iraf/daophot package. We used the 2MASS point source
catalogue (Skrutskie et al. 2006) to convert apparent mag-
nitudes to calibrated apparent magnitudes. We calculated
the weighted mean difference between instrumental magni-
tude and 2MASS magnitude in the field of view to decide
zero points. Photometric errors against JHKS magnitudes
for stars in our target clusters are plotted in Figure 2. These
errors were calculated by the allstar task in iraf/daophot
package. Typical error of J-band is 0.04 mag at 18.0 mag,
H-band is 0.08 mag at 17.5 mag, and KS band is 0.20 mag
at 17.5 mag.
We used Palma’s catalogue value as cluster radii and
chose stars in circular regions as cluster stars. For stars
within the circles, we plotted colour-magnitude diagrams
and decided to use stars with 17.5 < KS < 15.0 and
0.2 < J − KS < 0.8 to fit the luminosity function of the
RC stars (Figure 3). We fitted the magnitude distribution
of the stars with a function of the form
N(λ) = a + bmλ + cm2λ + d exp
[
−
(mRC
λ
− mλ)2
2σ2
λ
]
, (1)
where λ is a passband (JHKS). The first three terms repre-
sent the background distribution of red giant branch stars.
The Gaussian term represents the RC stars distribution,
1 https://sourceforge.net/projects/irsfsoftware/
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Table 1. The number of star clusters at each selection process
Selection process number of clusters
clusters in Palma et al. (2016) 277
clusters with age and metallicity 176
clusters larger than 0.′65 26
clusters in outer region (observed) 15
clusters that have significant RC excess and can be fitted by equation (1) 10
8.5 9.0 9.5 10.0
log Age
−1.0
−0.5
0.0
0.5
[F
e/
H]
1.0 10.0
Age (Gyr)
Figure 1. Age and metallicity distribution of our target clusters (filled circles) and clusters observed by van Helshoecht & Groenewegen
(2007, open squares).
Table 2. List of observed star clusters
Cluster name RA (J2000) Dec (J2000) Observation Date Number of combined images total exposure time (sec)
KMHK 21 04h 37m 52s -69◦01′42′′ 2017 Nov 16 925 18500
KMHK 337 04h 57m 34s -65◦16′00′′ 2017 Nov 22 1025 20500
ESO 85-72 05h 20m 05s -63◦28′49′′ 2017 Nov 11 900 19000
NGC 1997 05h 30m 34s -63◦12′12′′ 2017 Nov 10 800 16000
IC 2140 05h 33m 21s -75◦22′35′′ 2017 Dec 3 925 18500
KMHK 1281 05h 43m 20s -66◦15′44′′ 2017 Dec 12 975 19500
NGC 2161 05h 55m 42s -74◦21′14′′ 2017 Nov 27 1000 20000
NGC 2155 05h 58m 33s -65◦28′37′′ 2017 Nov 30 1000 20000
ESO 121-3 06h 02m 02s -60◦31′24′′ 2017 Nov 9 875 17500
NGC 2213 06h 10m 42s -71◦31′44′′ 2017 Dec 11 975 19500
where mRC
λ
is the mean magnitude that we desire to ac-
quire and σλ is the standard deviation of the RC stars. The
uncertainty in mRC
λ
is standard error and calculated by
standard error =
σλ√
NRC
, (2)
where NRC is the number of RC stars calculated by
NRC =
√
2πσλ × 10d. (3)
Factor 10 corresponds to the width of histogram bin 0.1 mag.
A typical standard error of the RC mean magnitudes for
the clusters is 0.015 mag. Then, reddening was corrected
using E(B − V) values from Palma’s catalogue and the
Cardelli et al. (1989) extinction law. We only used clusters
that had a significant excess of red clump stars. As a conse-
quence, 10 clusters were used to investigate the magnitude
of RC stars. The parameters of the clusters used in this work
are listed in Table 3.
3 RESULTS AND DISCUSSION
The JHKS magnitude distribution of the RC stars and fitting
results are shown in Figures 4 and 5. RC magnitudes derived
from the fittings using equation (1) are listed in Table 3.
It is possible that the mean magnitudes obtained with the
MNRAS 000, 1–15 (2018)
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Table 3. Cluster Information
Cluster name Radius (arcmin) E(B −V ) Age (Gyr) [Fe/H] ma
J
m
a
H
m
a
Ks
mJ −maKs
KMHK 21 0.75 0.040 1.60 ± 0.30 -0.50 ± 0.30 17.485 ± 0.017 16.962 ± 0.029 16.860 ± 0.027 0.625 ± 0.032
KMHK 337 0.68 0.020 2.00 ± 0.20 -0.65 ±0.20 17.381 ± 0.015 16.900 ± 0.017 16.833 ± 0.013 0.548 ± 0.020
ESO 85-72 0.85 0.030 2.20 ± 0.30 -0.65 ± 0.30 17.279 ± 0.025 16.806 ± 0.024 16.799 ± 0.017 0.480 ± 0.030
NGC 1997 0.90 0.040 2.60 ± 0.50 -0.70 ± 0.20 17.374 ± 0.014 16.889 ± 0.015 16.857 ± 0.015 0.517 ± 0.020
IC 2140 1.15 0.111 2.50+0.60−0.50 −0.84+0.22−0.18 17.337 ± 0.020 16.860 ± 0.019 16.794± 0.019 0.543 ± 0.027
KMHK 1281 0.80 0.050 2.00 ± 0.40 -0.90 ± 0.20 17.272 ± 0.011 16.802 ± 0.011 16.750 ± 0.014 0.522 ± 0.018
NGC 2161 1.15 0.130 1.10 ± 0.30 -0.70b 17.374 ± 0.012 16.961 ± 0.013 16.896 ± 0.012 0.478 ± 0..017
NGC 2155 1.20 0.050 3.20 ± 0.60 -0.90 ± 0.20 17.254 ± 0.011 16.771 ± 0.010 16.728 ± 0.018 0.527 ± 0.021
ESO 121-3 1.05 0.030 8.50 ± 0.30 -1.05 ± 0.30 17.308 ± 0.018 16.900 ± 0.015 16.827 ± 0.024 0.480 ± 0.030
NGC 2213 1.05 0.116 1.50b -0.40 ± 0.15 17.427 ± 0.012 16.906 ± 0.016 16.915 ± 0.010 0.512 ± 0.016
a Interstellar extinction was corrected by Cardelli et al. (1989) extinction law.
b The uncertainties are not described in Palma et al. (2016) .
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Figure 2. Photometric errors versus magnitudes for our target clusters.
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Figure 3. J − KS versus KS colour magnitude diagrams of our target clusters. All stars within the box are used to determine the mean
RC magnitude in the clusters.
fittings are sensitive to the bin size of mλ. We changed the
bin size to narrower value (0.05) and wider value (0.20) to
check the effect of the bin size. The results are shown in
Table 4. As can be seen in Table 4, most of the obtained
magnitudes for the narrower or wider bin size are consistent
with those for the bin size of 0.10. The mean differences of
magnitudes between the bin sizes of 0.05 and 0.10, and 0.10
and 0.20 are small, 0.013 mag and 0.024 mag, respectively.
For the wider bin size, some clusters show the relatively
large difference compared to the standard errors. However,
this difference does not much affect the obtained trends and
our discussion.
The mλ values for the star clusters in our sample
versus age are plotted in Figure 6, and the mλ ver-
sus metallicity are plotted in Figure 7. Figures 8 and 9
present comparison of our KS-band results with data from
van Helshoecht & Groenewegen (2007) and the model of
Salaris & Girardi (2002). When we convert apparent magni-
tudes of our results to absolute magnitudes, we use the dis-
tance modulus to the LMC (18.493 mag, Pietrzyn´ski et al.
2013). We assume that all clusters in the LMC are at the
same distance because we cannot obtain the distance infor-
mation on each cluster from Palma’s catalogue.
3.1 Age dependence
Apparent magnitudes mJ , mH , mKS show the same
trends that older RC stars are brighter within 1-3 Gyr,
and much older RCs are slightly fainter (Figure 6).
This trend still can be seen for RC stars with sim-
ilar metallicity. These are the same trends seen in
V JK-band data (Percival & Salaris 2003, although they
have only three or four data points in the same
age range) and in K-band data (Grocholski & Sarajedini
2002; van Helshoecht & Groenewegen 2007) for the Milky
Way clusters. Theoretical models (Salaris & Girardi 2002;
Girardi 2016) predict very similar trends to our results,
although the individual values of absolute magnitudes are
slightly different (Figure 8). For RC stars between 1.5
and 2.8 Gyr, both our observational data and data from
van Helshoecht & Groenewegen (2007) are consistent with
the theoretical models within 0.1 mag. NGC 2155 (3.2 Gyr)
shows slightly large deviation between observational data
and the model prediction by Salaris & Girardi (2002), but
in good agreement with the model by Girardi (2016).
The younger cluster NGC 2161 (1.1 Gyr) shows brighter
magnitude compared to the theoretical models. For RC
stars younger than 1.5 Gyr, strong age dependence of ab-
solute magnitudes is predicted. Even small age difference
leads to the large difference of absolute magnitudes for
MNRAS 000, 1–15 (2018)
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Figure 4. The distribution of the RC stars as a function of their magnitudes in the J- (left), H− (centre), and KS-bands (right). The
fitting results with the equation (1) are shown by black lines.
these young RC stars. We note that the observational data
from van Helshoecht & Groenewegen (2007) also shows sys-
tematically brighter results around 1 Gyr. The old cluster
ESO 121-3 (8.5 Gyr) also shows a brighter value than the
model predictions. One possible reason is that the number
of fainter RC stars is underestimated because the photo-
metric data is not deep enough. The number of stars con-
tained in ESO 121-3 is smaller than those contained in other
clusters (Figure 3). However, the difference between the ob-
servational data and the theoretical models is about 0.3–
0.4 mag. The widths of RC magnitudes in other star clusters
or the JH-band magnitudes in ESO 121-3 are not wider than
0.3 mag. Even if we only detect the bright tail of RC distri-
bution, the peak of magnitude distribution can only change
0.2 mag at most. Moreover, we added artificial stars to the
reduced image using the iraf/daophot/addstar task, and
MNRAS 000, 1–15 (2018)
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Figure 5. Continued from Figure 4.
confirmed that the completeness is nearly 100 per cent at
around 17.0 mag in KS-band. Thus, the underestimation of
faint RC stars would not change the result so much. Other
reasons may be needed to explain the deviation.
The age dependence of J−H, J−KS, and H−KS colours
is shown in Figure 10. J − H, and J − KS colours show weak
age dependence that the older RC stars have redder colours
between 1 and 3 Gyr. On the other hand, no significant
age dependence can be seen in H − KS colour. These trends
are similar to the model predictions. The theoretical mod-
els predict that younger RC stars have bluer colours and
older RC stars have redder colours. In addition, age de-
pendence becomes weaker in longer wavelengths. Comparing
V −K (∼0.5 mag difference for similar ages and metallicities)
and I − K (∼0.3 mag) colours of the model prediction by
Salaris & Girardi (2002), our observational data show weak
age dependence (∼0.1 mag).
Most of our sample clusters have the age of 1–3 Gyr
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Table 4. The difference of magnitudes for three bin sizes 0.05, 0.10, and 0.20
Cluster name Filter Bin size of 0.10 Bin size of 0.05 Difference between 0.10 and 0.05 Bin size of 0.20 Difference between 0.10 and 0.20
J 17.485 ± 0.017 17.457 ± 0.029 0.028 17.407 ± 0.032 0.078
KMHK 21 H 16.962 ± 0.029 16.947 ± 0.033 0.015 16.946 ± 0.028 0.016
KS 16.860 ± 0.027 16.888 ± 0.015 0.028 16.846 ± 0.034 0.014
J 17.381 ± 0.015 17.422 ± 0.011 0.041 17.351 ± 0.044 0.030
KMHK 337 H 16.900 ± 0.017 16.897 ± 0.018 0.003 16.873 ± 0.027 0.027
KS 16.833 ± 0.013 16.820 ± 0.009 0.013 16.757 ± 0.019 0.076
J 17.279 ± 0.025 17.308 ± 0.021 0.029 17.266 ± 0.027 0.013
ESO 85-72 H 16.806 ± 0.024 16.828 ± 0.021 0.022 16.812 ± 0.028 0.006
KS 16.799 ± 0.017 16.799 ± 0.020 0.000 16.740 ± 0.018 0.059
J 17.374 ± 0.014 17.346 ± 0.017 0.028 17.374 ± 0.041 0.000
NGC 1997 H 16.889 ± 0.015 16.888 ± 0.007 0.001 16.850 ± 0.021 0.039
KS 16.857 ± 0.015 16.873 ± 0.008 0.016 16.774 ± 0.029 0.083
J 17.337 ± 0.020 17.354 ± 0.017 0.017 17.318 ± 0.013 0.019
IC 2140 H 16.860 ± 0.019 16.869 ± 0.020 0.009 16.857 ± 0.017 0.003
KS 16.794± 0.019 16.802 ± 0.019 0.008 16.797 ± 0.021 0.003
J 17.272 ± 0.011 17.276 ± 0.010 0.004 17.252 ± 0.017 0.020
KMHK 1281 H 16.802 ± 0.011 16.805 ± 0.011 0.003 16.758 ± 0.017 0.044
KS 16.750 ± 0.014 16.760 ± 0.012 0.010 16.763 ± 0.018 0.013
J 17.374 ± 0.012 17.377 ± 0.011 0.003 17.397 ± 0.015 0.023
NGC 2161 H 16.961 ± 0.013 16.949 ± 0.011 0.012 16.946 ± 0.018 0.015
KS 16.896 ± 0.012 16.900 ± 0.011 0.004 16.911 ± 0.018 0.015
J 17.254 ± 0.011 17.249 ± 0.012 0.005 17.255 ± 0.017 0.001
NGC 2155 H 16.771 ± 0.010 16.801 ± 0.008 0.030 16.764 ± 0.014 0.007
KS 16.728 ± 0.018 16.745 ± 0.014 0.017 16.712 ± 0.015 0.016
J 17.308 ± 0.018 17.305 ± 0.015 0.003 17.313 ± 0.021 0.005
ESO 121-3 H 16.900 ± 0.015 16.892 ± 0.022 0.008 16.896 ± 0.023 0.004
KS 16.827 ± 0.024 16.840 ± 0.022 0.013 16.843 ± 0.026 0.016
J 17.427 ± 0.012 17.423 ± 0.009 0.004 17.357 ± 0.018 0.070
NGC 2213 H 16.906 ± 0.016 16.917 ± 0.016 0.011 16.909 ± 0.019 0.003
KS 16.915 ± 0.010 16.899 ± 0.013 0.016 16.930 ± 0.027 0.015
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Figure 6. Mean RC magnitude versus age in the J- (left), H- (centre), and KS-bands (right). Metallicity difference is shown by colour
scale.
where theoretical models predict strong age dependence.
This age dependence is clearly confirmed in our study,
thanks to many samples in this narrow age range. For very
young (< 1 Gyr) RC stars, theoretical models predict that
younger RC stars have brighter magnitudes. However, such
young star clusters do not meet our target selection crite-
ria; they are expected to be very small or exist in the bar
region, so we cannot investigate the trend in this study. The
VMC survey will play an important role to investigate the
dependence of very young RC stars.
3.2 Metallicity dependence
We can see metallicity dependence on mJ , mH and mKS (Fig-
ure 7). The predicted metallicity dependence in the K-band
is only 0.1–0.2 mag around 2 Gyr, and this is smaller than
those in the shorter wavelengths. The expected trend is that
RC stars with lower metallicity have brighter magnitudes;
this trend can be seen in our results (Figure 7). The mag-
nitude difference found in our sample is about 0.2 mag, and
this matches very well with the theoretical prediction.
The predicted metallicity dependence is different in two
models between 2 and 4 Gyr. Salaris & Girardi (2002) pre-
dicted that metal-rich RC stars have brighter KS-band ab-
solute magnitudes. On the other hand, Girardi (2016) pre-
MNRAS 000, 1–15 (2018)
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Figure 7. Mean RC magnitude versus metallicity in the J- (left), H- (centre), and KS-bands (right). Age difference is shown by colour
scale.
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Figure 8. The comparison of KS-band absolute magnitudes between model predictions and observations. Solid lines represent model
prediction for some different metallicities from table 1 of Salaris & Girardi (2002). Circles represent the IRSF data, and squares are data
from van Helshoecht & Groenewegen (2007). Metallicity difference is illustrated by colour scale.
sented a contrary result that metal-poor RC stars have
fainter KS-band absolute magnitudes within the age range.
To compare these model predictions with our observational
data, we divided our samples into younger RC stars (1–
2 Gyr) and older RC stars (2–4 Gyr). Figure 11 provides
metallicity dependence of RC absolute magnitudes for the
divided samples. In this plot, the KS-band absolute magni-
tudes show the trend that metal-rich RC stars have fainter
magnitudes between 2 and 4 Gyr. This result is consistent
with the prediction by Girardi (2016), although our sam-
ple shows slightly stronger metallicity dependence. The J-
and H-band data also show metal-rich RC stars have fainter
absolute magnitudes.
The metallicity dependence of J −H, J −KS, and H −KS
colours is presented in Figure 12. J − H colour shows the
trend that metal-rich RC stars have redder colours. This
trend is consistent with the model predictions for V −K and
I−K colours. The difference of J−H colours is ∼0.1 mag and
smaller than that predicted for V − K (∼0.5 mag) and I − K
(∼0.3 mag) with similar metallicities. This result matches
the model predictions and previous observational studies
that metallicity dependence becomes weaker at longer wave-
lengths. We can see no strong metallicity dependence of
J − KS and H − KS colours.
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Figure 9. The same plot as Figure 8 but changing the plot range to focus on the samples between 1 and 4 Gyr.
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Figure 10. (Left) J −H , (centre) J −KS , and (right) H −KS colours of RC stars as a function of age. Metallicity difference is shown by
colour scales.
3.3 Absolute magnitude
The averages of the apparent RC magnitudes for our 10 clus-
ters are 17.349± 0.023 mag, 16.876± 0.021 mag, and 16.826±
0.019 mag for mJ , mH , and mKS , respectively. Considering
the distance modulus to the LMC (18.493±0.008±0.047 mag,
Pietrzyn´ski et al. 2013), absolute magnitudes of RC stars,
MJ , MH , and MKS become −1.144±0.023 (this work’s error)
±0.008 (Pietrzyn´ski’s statistical) ±0.047 (Pietrzyn´ski’s sys-
tematic) mag, −1.617±0.021±0.008±0.047 mag, and −1.667±
0.019 ± 0.008 ± 0.047 mag, respectively. These results give
good agreement with previous work in the KS-band, but 0.1-
0.2 mag brighter than previous studies derived from RC stars
in the solar neighbourhood or Kepler field for the J- and H-
bands (Laney et al. 2012; Chen et al. 2017; Hawkins et al.
2017; Ruiz-Dern et al. 2018). Clementini et al. (2003) de-
rived a slightly different distance modulus to the LMC of
18.42±0.07 using RC stars. If we use the value, absolute mag-
nitudes of RC stars MJ , MH , and MKS change to −1.071 ±
0.023 ± 0.07, −1.544 ± 0.021 ± 0.07, and −1.594 ± 0.019 ± 0.07.
These values have better agreement in the J- and H-bands.
Laney et al. (2012) pointed that the distance modulus
to the LMC derived from J-band RC magnitudes was about
0.1 mag smaller than that from H- or KS-band RC mag-
nitudes. They obtained JHKS absolute magnitudes of RC
stars by combining their photometric results with Hippar-
cos parallaxes. They compared these absolute magnitudes
with JHK magnitudes of LMC RC stars, and found that
the distance modulus derived from J-band data is relatively
small. Our data show equivalent results that mean J-band
MNRAS 000, 1–15 (2018)
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Figure 11. Mean RC magnitude versus metallicity for (left) younger (1 Gyr ≤ Age < 2 Gyr) and (right) older (2 Gyr ≤ Age < 4 Gyr)
RC stars in the J- (uppar), H- (center), and KS -bands (bottom).
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Figure 12. (Left) J − H , (centre) J − KS , and (right) H − KS colours of RC stars as a function of metallicity. Age difference is shown
by colour scales.
absolute magnitude is brighter than that for RC stars in the
solar neighborhood when we use the same distance modu-
lus. Laney et al. (2012) suggested that the discrepancy was
probably caused by the population effect. Both theoreti-
cal models and observations have confirmed that the pop-
ulation effects become stronger in the shorter wavelengths.
J − KS colours of RC stars in our target clusters are 0.47-
0.63 mag (Table 3), and bluer than those in solar neigh-
borhood (0.629; Laney et al. 2012) or in Baade’s Window
(0.68; Gonzalez et al. 2012). Theoretical models predict that
metal-poor RC stars have bluer colour than metal-rich RC
stars because of the stronger population effect in the shorter
wavelengths. Metallicities of RC stars in our target clusters
are lower than those in solar neighborhood or in Baade’s
Window. This results support that J-band population ef-
fect is stronger than KS-band. Figures 6 and 7 also indicate
that the population effect in the J-band is slightly stronger
than that in the KS-band. In J-band, the difference between
the brightest RC stars (NGC 2155) and the faintest ones
(KMHK 21) is 0.231 mag. In KS-band, the difference be-
tween the brightest (NGC 2155) and faintest (NGC 2213)
RC stars becomes smaller (0.187 mag). J − KS colour also
shows age dependence (Figure 10). Therefore, the discrep-
ancy in the J-band is probably caused by the population
effects.
3.4 RC stars as a standard candle
So far, the population effect of RC absolute magnitudes has
been corrected using theoretical models by Girardi & Salaris
MNRAS 000, 1–15 (2018)
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(2001) and Salaris & Girardi (2002). To obtain the correc-
tion of the population effect from observational data, we
fitted our data using least squares method and following
function
Mλ = a log t + b[Fe/H] + c, (4)
where t is the age (yr) of the star clusters. We excluded
ESO 121-3 from the fitting because the age of this cluster
is very old and the theoretically expected behaviour of RC
magnitudes is completely different from young ones. As the
best fit result, we obtained
MJ = (−0.098 ± 0.153) log t + (0.315 ± 0.126)[Fe/H]
−(0.006 ± 1.378), (5)
MH = (−0.277 ± 0.143) log t + (0.136 ± 0.117)[Fe/H]
+(1.048 ± 1.284), (6)
MKS = (−0.185 ± 0.100) log t + (0.220 ± 0.082)[Fe/H]
+(0.206 ± 0.898). (7)
The adjusted coefficients of determination (adjusted R2) are
0.568, 0.537, and 0.733, and these values are calculated by
adjusted R2 = 1 −
∑
i(Mλ,i − fi)2/(N − p − 1)∑
i(Mλ,i − Mλ)2/(N − 1)
, (8)
where Mλ is the absolute magnitudes of observational data in
the λ-band, f is the absolute magnitudes derived from equa-
tions (5)–(7), Mλ is the mean value of Mλ, N is the number
of sample clusters (nine in this time), and p is the number
of explanatory variables (three in this time). The adjusted
R2 gets closer to one for the better fitting. If the adjusted R2
is negative, the fitting is worse than just taking the average
value. We also fitted our data with higher order polyno-
mial functions but adjusted R2 values are worse than fitting
with equation (4). To evaluate the order of model equation,
we performed leave-one-out cross-validation for equation (4)
and higher order polynomial functions
Mλ = a log t + b(log t)2 + c[Fe/H] + d, (9)
Mλ = a log t + b[Fe/H] + c[Fe/H]2 + d, (10)
Mλ = a log t + b(log t)2 + c[Fe/H] + d[Fe/H]2 + e. (11)
Eight clusters are used as a training set and the other cluster
is used as a test set. We calculated the differences of abso-
lute magnitudes between observational data and calculated
values from equations (4), (9) - (11) for the test sets, and
derived root mean squares (RMSs). The obtained RMSs are
shown in Table 5. As can be seen in Table 5, the RMSs are
similar or become larger for higher order polynomial func-
tions. In such a situation, it is preferred to select the simplest
model whose error is within one standard error of the mini-
mal error (one standard error rule). Therefore, we chose the
form of equation (4) as the best model.
Figures 13 and 14 show the distribution of absolute
magnitudes with fitted lines. The population effect of RC
stars with the ages of 1.1–3.2 Gyr and the metallicities from
−0.90 to −0.40 dex can be corrected with these relations.
As predicted by the model predictions, the regression coeffi-
cient for [Fe/H] in J-band is larger than those in the H- and
KS-band.
As can be seen in Figure 1, the ages of clusters are cor-
related with the metallicities (the correlation coefficient is
−0.612 for the nine clusters used for the fitting). Therefore,
it is possible that multicollinearity occurs. To check the pres-
ence of multicollinearity, we calculated partial correlation co-
efficients. The partial correlation coefficients between ages
and absolute magnitudes are −0.247, −0.585, and −0.540,
and the partial correlation coefficients between metallicities
and absolute magnitudes are 0.695, 0.384, and 0.706 for J-,
H-, and KS-bands, respectively. This means that absolute
magnitude depends on both age and metallicity. The cor-
relation coefficients between ages and absolute magnitudes
are −0.610, −0.752, and −0.747, and the correlation coef-
ficients between metallicities and absolute magnitudes are
0.809, 0.660, and 0.828 for J-, H-, and KS-bands, respec-
tively. These correlation coefficients have the same signs as
the partial correlation coefficients, and the values are com-
parable. Furthermore, the correlation coefficients have the
same sings as the regression coefficients a and b. Therefore,
multicollinearity does not matter much.
We also fitted the RC colours with the form of equa-
tion (4), and obtained
J − H = (0.178 ± 0.064) log t + (0.179 ± 0.053)[Fe/H]
−(1.054 ± 0.577) (12)
J − KS = (0.087 ± 0.146) log t + (0.095 ± 0.120)[Fe/H]
−(0.212 ± 1.314) (13)
H − KS = (−0.092 ± 0.110) log t − (0.084 ± 0.090)[Fe/H]
+(0.842 ± 0.990). (14)
The adjusted R2 values are 0.569, -0.203, -0.143. As is the
case of the absolute magnitudes, we conducted leave-one-
out cross-validation for the same forms of equations (4), (9)
- (11). The calculated RMSs are presented in Table 5. The
RMSs of colour differences have similar or larger values for
the higher order polynomial functions, and thus we selected
the form of equation (4) as the best model following one
standard error rule.
Figures 15 and 16 show the mean RC colors as a func-
tion of age and metallicity with fitted lines. Comparing
the absolute magnitudes, the population effect for the RC
colours are smaller. In particular, J − KS and H − KS have
nearly constant values, and the mean values of nine clusters
are J −KS = 0.528±0.015 and H −KS = 0.047±0.011, respec-
tively. These values are used as the intrinsic RC colours at
least within the ages of 1.1–3.2 Gyr and the [Fe/H] of −0.90
to −0.40 dex. The partial correlation coefficients between
ages and absolute magnitudes are 0.192 and −0.331, and the
partial correlation coefficients between metallicities and ab-
solute magnitudes are 0.278 and −0.372 for J−KS and H−KS,
respectively. This also supports that these colours have no
strong dependence of absolute magnitude on age and metal-
licity. These colours can be used as an interstellar extinction
probe. The average value of J − H is 0.480 ± 0.010, although
the population effect is slightly stronger. The partial corre-
lation coefficients between ages and absolute magnitudes are
0.696, and the partial correlation coefficients between metal-
licities and absolute magnitudes are 0.781 for J − H. This
means that J − H colour depends on both age and metal-
licity. For more metal-rich RC stars, Laney et al. (2012) ob-
tained J − H = 0.506, J − KS = 0.629 and H − KS = 0.123
in the solar neighbourhood, and Gonzalez et al. (2012) de-
rived J − KS = 0.68 in Baade’s Window. These values are
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Figure 13. Mean RC magnitude versus age in the J- (left), H- (centre), and KS -band (right). The best-fit relations are also plotted for
four metallicities (from blue to brown, −0.90, −0.73, −0.57, −0.40 dex). Metallicity difference is shown by colour scales.
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Figure 14. Mean RC magnitude versus metallicity in the J- (left), H- (centre), and KS-band (right). The best-fit relations are also
plotted for four ages (from blue to brown, log t = 9.0, 9.2, 9.4, 9.6). Age difference is shown by colour scales.
Table 5. The derived RMSs of differences of absolute magnitudes and colours between observational data and calculated values from
rom equations (4), (9) - (11)
Eq. (4) Eq. (9) Eq. (10) Eq. (11)
J 0.054 ± 0.019 0.061 ± 0.021 0.070 ± 0.024 0.220 ± 0.071
H 0.058 ± 0.021 0.083 ± 0.029 0.054 ± 0.019 0.140 ± 0.045
KS 0.047 ± 0.016 0.073 ± 0.026 0.056 ± 0.019 0.138 ± 0.047
J − H 0.035 ± 0.012 0.063 ± 0.022 0.032 ± 0.011 0.084 ± 0.028
J − KS 0.063 ± 0.022 0.085 ± 0.029 0.096 ± 0.033 0.341 ± 0.112
H − KS 0.044 ± 0.016 0.048 ± 0.017 0.067 ± 0.023 0.336 ± 0.054
slightly higher than our results. Therefore, attention should
be paid for applying these colours to RC stars with near
solar metallicities.
During the fitting, the errors on age and [Fe/H] are not
considered. The actual errors of the coefficients, a, b, and c,
would therefore be larger than those shown in equations (5) -
(7) and (12) - (14), because of the large errors on [Fe/H].
In addition, the errors on coefficients are already large be-
cause of the small number of samples. It means that, with
the current observational results, it is difficult to insist that
the coefficients a and b for MJ , MH , MKS , and J − H have
non-zero values. However, the partial correlation coefficients
suggest that a, and b for these absolute magnitudes and J−H
colour have nonzero values. Deeper NIR observations of the
LMC clusters and careful metallicity measurements of them
are necessary to determine the coefficients more accurately.
4 CONCLUSIONS
In this paper, we investigate the age and metallicity depen-
dence on the RC magnitudes, mJ , mH , and mKS , and their
colours J−H, J−KS , and H−KS. Most of our samples consist
of the clusters with young age and low metallicity. The age
and metallicity are different from clusters in the Milky Way.
We obtained the relation to correct the population effect for
the absolute magnitudes and colours of RC stars with the
age of 1.1–3.2 Gyr and [Fe/H] from -0.90 to -0.40 dex, al-
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Figure 15. Mean RC colour versus age for the J − H (left), J − KS (centre), and H − KS (right). The best-fit relations are also plotted
for four metallicities (from blue to brown, −0.90, −0.73, −0.57, −0.40 dex). Metallicity difference is shown by colour scales.
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Figure 16. Mean RC colour versus metallicity for the J − H (left), J − KS (centre), and H − KS (right). The best-fit relations are also
plotted for four ages (from blue to brown, log t = 9.0, 9.2, 9.4, 9.6). Age difference is shown by colour scales.
though the errors on the coefficients are large. We confirmed
that the population effect for J − KS and H − KS colours is
very small within these age and metallicity ranges. When
we use RC stars as a standard candle, we can accurately
estimate interstellar extinction without suffering from the
population effect by using these colours. In model compar-
ison, our observational data show good agreement with the
prediction by Girardi (2016) between 1.6–3.2 Gyr. The av-
eraged MKS is consistent with previous work, but MJ and
MKS are slightly bright. This discrepancy may be caused by
the population effect.
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